Following the early studies of Moniz and Lima, psychosurgery had considerable scientific credibility until the advent of modern antipsychotics in the mid 1950s. Thereafter, psychosurgery was almost abandoned in large medical centers as a common treatment for schizophrenia, although is still used for some affective and anxiety disorders. We reviewed relevant papers cited in the Medline/Index Medicus, Cochrane, and Scielo databases from 1930 to 2012. In our review of the literature, we show from recent studies that there are still many patients with schizophrenia who have serious deficits even after being treated with current noninvasive therapies. The value of psychosurgery remains controversial. There are no data available to support the use of stereotactic procedures for schizophrenia. Well designed controlled trials are needed to establish the effectiveness of psychosurgery in patients with schizophrenia.
Introduction
Schizophrenia is a chronic disease with a prevalence of 0.4%-1.0% depending on the study, and is evenly distributed worldwide. [1] [2] [3] [4] [5] [6] [7] Despite the low incidence (0.16-0.42 per 1000 individuals), 8 the prevalence is high because of the chronic nature of the illness. Even after remission of the characteristic signs of schizophrenia, some residual features may be present. These include lack of interest and initiative in daily activities and work, social incompetence, and lack of interest in pleasurable activities. 9, 10 In a study conducted in 2000, 8 it was found that schizophrenia is responsible for 1.1% of all disability-adjusted life years and 2.8% of years lived with disability. Data from a US study of schizophrenia showed a direct cost of $US 19 billion, with an additional cost of $US 46 billion resulting from decreased productivity. Approximately 10%-20% of patients with schizophrenia develop chronic disease and deterioration. 11 Approximately 27% of patients with schizophrenia have a history of substance abuse, of whom 11% report substance dependence in the last year. 12 Self-aggression or aggressiveness towards others is another aggravating factor. 13 One study reported that 30% of patients with schizophrenia have attempted suicide 14 and another reported that 10% did kill themselves. 15 Several studies associate this behavior with comorbidities such as depressive disorder, which has a prevalence of 60%, 14, 15 including an increased use of legal or illegal drugs. 6 Accordingly, it is estimated that the life expectancy of patients with schizophrenia is approximately 10% lower than for individuals without the disease.
One of the possible treatments for this complex disorder includes psychosurgery. There have been numerous reports of psychosurgery in the past, 1 and initial psychosurgery for the treatment of schizophrenia based on scientific knowledge dates from 1888, when the Swiss psychiatrist Gottlieb Burckhardt operated on six patients with chronic schizophrenia. 2 The results were not favorable, and his work was rejected by the scientific community at the time. However, from 1937 onwards, after the development of the frontal lobe disconnection technique, ie, the leucotomy, by the Portuguese neurologist Egas Moniz, assisted by the neurosurgeon Almeida Lima, this type of surgery became widespread during the 1930s and 1940s. However, it was gradually abandoned by larger medical centers after the discovery of more effective antipsychotics, of which chlorpromazine, which has been available since 1954, 3 was foremost. After the advent of stereotaxy, psychosurgery re-emerged as an option for the most severe, chronic, and refractory cases, primarily when patients with schizophrenia pose a threat to themselves and/or to others. 4 In this article, we investigate the current role of psychosurgery in the treatment of schizophrenia, bearing in mind the most current and relevant scientific knowledge about the illness and the surgical techniques used to treat it.
Materials and methods
We conducted our literature search using the Cochrane Controlled Trials Register of the Cochrane Library, Embase, Scielo, and Medline databases. We included studies published between 1930 and 2012 on stereotactic psychosurgery for the treatment of schizophrenia. We used the following MeSH terms and combinations: "schizophrenia", "psychosurgery", and "stereotactic techniques". For all studies identified, the "Related Articles" feature in PubMed was used to locate additional relevant studies. Titles and abstracts of references identified by the search were screened independently by two reviewers (RLA and WSP) for their potential relevance. We excluded case reports, nonstereotactic treatment, schizoaffective disorders, and articles not written in English, French, or Japanese. Our literature search strategy yielded 70 publications, of which eight including a total of 56 patients, fulfilled the predefined inclusion criteria. Most excluded studies were related to nonstereotactic frontal leucotomies (n = 21) or were reviews (n = 11). No prospective controlled trials were found. All studies were presented as case series. Table 1 summarizes the types of procedure performed and patient outcomes. Because of the use of heterogeneous parameters to assess outcome in these studies, we categorized the patients according to "improvement", "partial improvement", and "no improvement".
Anatomical basis
Neuropathological and neuroimaging studies have helped to generate the hypothesis of a new diencephalic and/or temporolimbic disease with frontal lobe secondary malfunction, usually arising from a primary disease in that region. 16 Jenkins et al 17 proposed that signs of schizophrenia could be caused by "some kind of morbid resonance" in the diencephalon (thalamus) and the prefrontal cortex. They suggested that this pathological process could be repaired by destruction of the frontal cortex, thalamus, or connection fibers. In 1984, the Psychiatric Therapy Commission of the American Psychiatric Association established that "as a result of the experience of the surgery in different parts of frontal lobes, the developed consensus is that the best results with minimal adverse changes in personality are obtained by sectioning the fibers that pass from and to the ventromedial and orbital portion of the cortex" and that "the limbic system plays an important role at the evocation of emotional phe- Three major limbic system circuits have been described, ie, the medial, basolateral, and defense reaction circuits. The medial limbic circuit is the classic Papez circuit, which has connections from the cingulate gyrus to the hippocampus, fornix, mammillary bodies, and anterior thalamic nucleus, and then to the orbitofrontal cortex and septal nuclei. The basolateral circuit involves the anterior temporal lobe, amygdala, mediodorsal thalamic nucleus, and orbitofrontal cortex. Note that the orbitofrontal cortex participates in both circuits. The defense reaction circuit does not seem to have any particular involvement in affective disorders. 18 Many mechanisms involved in the effects of psychosurgery are not well established or are considered to result from limited understanding of brain functioning. The frontal leucotomy was proposed as a potential treatment for schizophrenia based on the fact that, by creating lesions in the prefrontal cortex, abnormal activity, presumably originating in this region, would be prevented from spreading to other areas of the brain, which could worsen the symptoms of the disease. 19 The clinical utility of psychosurgery is currently based more on pragmatic analysis of reported efficacy than on knowledge of the scientific basis of the disease. 20 For example, more than 1000 patients are known to have undergone cingulotomy for mental disorders. The percentage of patients who became "normal" with or without psychiatric care was approximately 18% of cases involving schizophrenia.
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Surgical treatment
At the beginning of the 1940s, encouraged by the first prefrontal lobotomies performed by Moniz and Lima, 21 the American neurologist Walter Freeman and the neurosurgeon James Watts developed and popularized the closed lobotomy procedure in the US. This procedure consisted of bilateral insertion of leucotomes into 1 cm wide trepanations on each side of the frontal bone, where they were moved back and forth in order to section the white matter tracts in that cerebral region. 22, 23 Schizophrenia was one of the conditions for which this treatment was an option. 21 Because this surgery caused extensive brain injuries leading to diverse complications, 21 the classical lobotomy fell into disuse after the 1950s, being replaced by localized procedures isolating areas from the orbital and cingulate regions. These localized techniques culminated in stereotactic surgery that enabled the surgeon to insert a probe capable of injuring the brain tissue with tridimensional accuracy. The mortality rate and risk of epilepsy were reduced using this method. 24 However, even after these advances, psychosurgery was progressively abandoned as a result of the advent of antipsychotic drugs during the 1950s, pressure of public opinion, 24 and publication of studies on the adverse effects of the initial lobotomies performed. 24 Nevertheless, psychosurgery survives, and the most important current techniques will be described here. During the last three decades, the most common procedures have included cingulotomy, subcaudate tractotomy, limbic leucotomy, anterior capsulotomy, and amygdaloidotomy 23 ( Figure 1 ).
Anterior cingulotomy
Cingulotomy is currently the most popular psychosurgical procedure performed in the US. 23 Initially, it was performed as an open procedure, and results using stereotactic cingulotomy have recently been described. 23 The cingulate gyrus has been observed using air ventriculography, facilitating accurate ablation of the structure through bilateral trepanations and avoiding the need for craniotomy. 21 This procedure is performed with stereotactic tools guided by magnetic resonance imaging. Two targets are identified on each side of the cingulate gyrus, 2-4 cm posterior to the anterior border of the frontal horn on the lateral ventricle, and approximately 7 mm lateral to the midline. Two trepanations are made approximately 9.5 cm posterior to the nasal bone and 1.5 cm lateral to the midline. The brain lesion is made by thermocoagulation using radiofrequency probes reaching 80°C-85°C. Creation of the lesions takes approximately 60-100 seconds. The first lesion is created at a depth of 8 mm and the second is created 10 mm above the first, with the total lesion area being approximately 10 × 20 mm. Computed tomography is performed immediately after the surgical procedure to confirm the location of the lesion and check for hemorrhage. 
Subcaudate tractotomy
Stereotactic subcaudate tractotomy was introduced in 1964. Radioactive yttrium (Y90) drops are implanted in the tissue to be damaged, ie, the substantia innominata, beneath the head of the caudate nucleus. 24 Lesions are made in the subcaudate tractotomy by radiofrequency probes guided by magnetic resonance imaging. Three lesions, each approximately 8 mm, are made bilaterally. All lesions are done in the coronal plane 15 mm above the base of the anterior clinoid process. The first lesion is located 6 mm lateral to the midline and 10 mm superior to the floor of the anterior fossa. The second is made 6 mm lateral to the midline and 15 mm superior to the floor of the anterior fossa. The third is located 14 mm lateral to the midline and 10 mm superior to the floor of the anterior fossa. 24 
Limbic leucotomy
Limbic leucotomy was introduced by Kelly and MitchellHeggs 21 in 1973 and is a combination of bilateral cingulotomy and subcaudate tractotomy. 21 This group attempted to combine the benefits of both procedures to obtain relief of symptoms. 25 The procedure is similar to the limbic leucotomy used in cingulotomy and subcaudate tractotomy, where the lesions are created in the respective targets using radiofrequency probes guided by magnetic resonance imaging.
Anterior capsulotomy
Anterior capsulotomy involves a lesion to the anterior limb of the internal capsule, containing radiating anterior thalamic fibers connecting the cortex to the pons. 23 In this procedure, magnetic resonance imaging is also used to identify the location of the structures. The targets are chosen in each hemisphere by 5 mm cuts in the coronal plane. The inferior target is 2-4 mm from the anterior horn of the lateral ventricle and the superior target is 1 cm above the inferior horn. Two bilateral trepanations are made immediately behind the coronal suture and the lesion is created by thermocoagulation through radiofrequency probes reaching 80°C-85°C for approximately 45 seconds. 23 Radiosurgical lesioning (gamma capsulotomy) has also been used by Leksell's team. 24 This lesioning technique involves the focus of 201 beams of 60 Co gamma radiation from a stereotactic gamma unit onto the lesion site. Although this procedure is not well understood, its efficacy seems to be similar to that of the radiofrequency thermolesioning procedure, with important advantages including elimination of the need for craniotomy and the safety of gamma radiation. 24 This procedure is rarely performed.
Amygdaloidotomy
Using this procedure, the target is the amygdala. Clinical experience with stereotactic lesions of the amygdala has shown that amygdaloidotomy in a large percentage of cases resulted in a marked reduction in antisocial behavior. 26, 27 The amygdaloid target is determined using the data reported by Baird et al, 28 with the intended center of the lesion being placed 5 mm medial to the medial border of the fissura. 29 
Postoperative complications
The classical lobotomy as performed by Freeman and Watts 30 had a high rate of complications, and it was agreed by the end of the 1940s that it was not a desirable procedure, in that postoperatively, patients often became confused, frail, and languid, and some developed epilepsy. Long-term sequelae were known as the "frontal lobe syndrome", and included inertia, apathy, social withdrawal, and attention deficit. 23, 31 Bleeding is also another complication of this method, occasionally being fatal. 23 Postoperative complications, including mortality, reduced considerably after the introduction of stereotactic surgery. 24 Here we report the main complications that persist with the currently used stereotactic psychosurgery procedures.
Initial reports of cingulotomy indicated that despite having a significant risk of mortality, the results were more positive than those of open frontal leucotomies. 25 In 1977, Teuber et al 32 reviewed the outcomes of cingulotomy for a wide range of patients, and noticed a small incidence of permanent cognitive deficits and surgical complications, with postoperative limitations in performing visuospatial tasks. Other complications of cingulotomy were identified, including transient mania and memory deficits. 25 Cosgrove and Rauch noticed that, in more than 800 cingulotomies performed at their institution since 1962, there was no incidence of death or infection. Further, only two acute subdural hematomas, caused by laceration of the intracranial arteries during insertion of the probe, were observed. 31 In 1987, a study by Ballantine et al 33 showed that this procedure is relatively safe. There were no deaths as a result of surgery, and complications were limited to an epilepsy crisis in response to medication (1%), hemiplegia (0.3%), and suicide (9%). Of note, these suicides occurred in patients who had already had suicidal thoughts before surgery.
Probably the most comprehensive review on subcaudate tractotomy was that published by Göktepe et al in 1975. 25 These authors reported a few complications, including epileptic crisis in the postoperative period (2.2%) and adverse personality changes (6.7%). Transient symptoms, including submit your manuscript | www.dovepress.com Dovepress Dovepress confusion and memory deficits, are attributed to postoperative edema. One death was reported as a result of migration of a 90Y drop to the hypothalamus. 32 Many of these complications were mitigated after replacing 90Y drops with radiofrequency ablation. 25 Long-term collateral effects after limbic leucotomy are rare, but transient effects including headache, confusion, lethargy, and sphincter disturbances have been reported. These symptoms can take several months to disappear. 25 Rare complications have been reported following anterior capsulotomy, including intracranial hemorrhage, enuresis, epileptic crisis, fatigue, loss of initiative, aggressiveness, memory deficit, and weight gain.
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Prognosis
The results of our analysis indicate significant symptomatic improvement in 57% of cases. However, although improvement is seen in affective symptoms, no studies have demonstrated improvement in psychotic symptoms (Table 1 ).
Some investigators have been able to analyze the prognosis of schizophrenia in patients undergoing different types of psychosurgery. For example, Freeman 34 found that lobotomy, when performed before the development of severe schizophrenia, reduced the likelihood of progression of the disease. On the other hand, Dynes 35 found that some patients, even after undergoing classical lobotomy, remained hospitalized for more than a decade and it "seemed like the surgery had hastened the intellectual deterioration observed in many chronic schizophrenic patients". Because violent behavior and agitation improved initially, Miller urged that psychosurgery should be considered for problematic and intractable psychological disorders. 36 The findings of a study reported by Freeman in 1973 showed that the increasing number of therapeutic solutions available to psychiatrists resulted in a reduction in the use of psychosurgery for nonorganic psychiatric disorders, but Freeman considered that patients who did not respond to medical treatment should still be evaluated as possible candidates for psychosurgery. 34 Some reviews have reported on the role of lobotomy in the treatment of schizophrenia. Tooth and Newton 37 investigated more than 7500 patients with schizophrenia who had undergone frontal lobotomy in England from 1942 to 1952. Only 18% of these patients showed signs of improvement. However, another study of frontal lobotomy reported that the original and bimedial lobotomies had some therapeutic benefits in patients with schizophrenia unresponsive to conventional therapeutic measures. 24 Moreover, in a study of patients with severe and chronic schizophrenia who had undergone lobotomy 40 years earlier, it was noted that there was no improvement or relief of symptoms after the patients became elderly. 24 However, as stated by the author, there is no clear evidence for psychosurgery contraindication in particular cases of schizophrenia.
The results seem to be better for stereotactic psychosurgery. In a report by Da Costa, 24 16 patients were classified as severe, chronic, or untreatable. After undergoing bilateral stereotactic lobotomy, 31% of these patients did not exhibit any aggressive behavior, 56% improved markedly, and 13% showed slight improvement. The psychiatric evolution according to the tests was:
• Brief Psychiatric Rating Scale -mean score decreased from 56 ± 11.3 preoperatively to 32.7 ± 7.5 postoperatively (P , 0.05) • Rorschach test -increased cognitive and affective control in 11 of 16 patients • Wechsler Adult Intelligence Scale -no significant statistical difference seen between preoperative and postoperative results • Luria Nebraska Neuropsychological Battery -significant improvement in rhythm, intellectual, and visual processing, as well as memory, in all patients. These findings show that introduction of new stereotactic techniques markedly improved the prognosis of patients. 24 As with other types of psychosurgery, unsatisfactory outcomes were observed in patients with schizophrenia who underwent anterior capsulotomy. 25 Improvement was noted in 80% of patients who underwent limbic lobotomy for schizophrenia. However, much of this improvement involved the strong affective component of the disease. Interestingly, the number of psychotic events was also reduced in these patients. 25 In 1987, Ballantine et al 33 reported a 24-year study involving 198 patients who underwent anterior cingulotomy with a follow-up period of 8.6 years. The results showed that four of 11 patients experienced considerable improvement, according to a 0-5 categorical rating scale to categorize the patient's current, global, and psychosocial status. This study showed that these patients had no deficit in intellectual or emotional function. In fact, the experiment reported no change in the degree of intellectual or emotional behavior (aside from a decrease in the Taylor Complex Figure Task in patients over 40 years of age) and indicated a postoperative gain in intelligence quotient on the Wechsler test. 34 Bridges et al indicated that, similar to cingulotomy, stereotactic subcaudate tractotomy had little impact on psychoses, including schizophrenia.
Talairach and Tournoux, who pioneered selective surgical lesioning of the internal capsule as a treatment for psychiatric disorders, observed that the outcomes of anterior capsulotomy were not satisfactory in psychotic patients. 39 Moreover, according to Herner, 40 the initial outcomes of capsulotomy for the treatment of schizophrenia were disappointing, with only 27% of patients having a positive response.
Our search identified two studies of amygdaloidotomy published in the 1970s. The operation was performed in schizophrenic patients with aggressive behavior and/or a marked tendency towards self-mutilation. Eighty percent of the patients showed improvement in aggressiveness, but hallucinations tended to persist.
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Recent developments
Transcranial magnetic stimulation is a relatively recent and promising method for both investigation and treatment of psychiatric and neurologic disorders. [41] [42] [43] Transcranial magnetic stimulation experiments have been performed in schizophrenic patients with encouraging results. Hoffman et al used this technique in patients with schizophrenia or schizoaffective disorder, 44 all of whom had medication-resistant auditory hallucinations. It was observed that 52% of the patients had sustained improvement in their symptoms for at least 15 weeks, and the largest effect was on the frequency of hallucinations. Prikryl et al reported recently that repetitive transcranial magnetic stimulation has a positive effect on working memory and neuronal activation in the treatment of the negative symptoms of schizophrenia. 45 Poulet et al, in a systematic review of the literature report that, overall, repetitive transcranial magnetic stimulation studies have demonstrated some promise in the treatment of schizophrenia. 46 Results such as these, combined with recent pathophysiological studies, generate a scientific basis on which to base the development of brain stimulation techniques with electrodes that are similar to those used for the treatment of Parkinson's disease. 47 This technique has the advantage of being minimally invasive, as well as being reversible.
Conclusion
Despite the development of atypical antipsychotics such as clozapine, recent epidemiological studies show that a large percentage of patients still have serious limitations as a result of schizophrenia. Furthermore, the impact of the disease on quality of life and the potential damage that patients can do to themselves and others have encouraged the exploration of less conservative therapies, such as psychosurgery. However, use of such procedures remains controversial. There is still no evidence base to support the use of stereotactic procedures for schizophrenia. Well designed controlled studies are still needed to establish the effectiveness of psychosurgery in patients with the disease. There remain legal and ethical issues concerning psychosurgery, and outcomes have been unfavorable in the past. However, the development of minimally invasive and even reversible techniques, combined with solid anatomical and physiological concepts, should enable psychosurgery to be considered as an alternative treatment for schizophrenia in the future.
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